A detailed analysis of the intermolecular interactions in some prototype systems involving rare gas atoms and closed shell ions is presented. Through this analysis, we assess the effectiveness of a model potential recently proposed as an improvement of the Lennard-Jones' one. This has been suggested on the basis of recently available experimental and theoretical information on non-covalent intermolecular interactions. The investigation is extended to systems involving H 2 O and H 2 S molecules and also to hydrogen halide di-cations HX 2+ (X = F, Cl, Br and I), wherein chemical contributions, essentially charge transfer, are added to the non-covalent components to a varied and interesting phenomenology determined which is possible to be represented within a single unified picture.
Introduction
Experimental and theoretical studies of the non-covalent intermolecular interaction potential (V ) in prototype systems are important for the understanding of the nature and the relative role of its fundamental components, such as size repulsion (V rep ) and dispersion attraction (V disp ), whose combination determines the typical van der Waals interaction (V vdW ). In addition, induction attraction (V ind ) and electrostatic contributions (V electr ) affect the behavior of neutral (essentially molecular) and ionic systems, whereas the charge transfer (V ct ) can play a fundamental role, especially in open-shell systems.
The decomposition of the potential just outlined is far from trivial and, besides, it is not unique because the various components may not be clearly separable [1, 2] , especially when the intermolecular distance (R) decreases. For this reason, it is convenient to use as few effective components as possible, representing the leading interaction terms, and indirectly including less-important contributions. These components should be represented by empirical or semiempirical formulae flexible enough to be able to describe systems of varying complexity, and expressed in terms of fundamental physical properties of the interacting partners, such as polarizability, charge, multipole moment, electron affinity and ionization potential [2] [3] [4] [5] . To develop such models, the best starting point is to combine experimental and theoretical information about prototype systems [1, 2] . Among the experimental methods providing crucial information of this type, we mention those concerning the measure of transport properties and molecular beam techniques revealing quantum interference effects in the scattering cross sections. The theoretical calculations of the structure and energetics of the interacting systems must be carried out with very accurate ab initio methods [6, 7] accounting for electron correlation and capable of describing the weak interactions involved. A detailed analysis of the potential energy surfaces and of the electronic density is then necessary for assessing the nature and role of the interaction components.
In this paper, we investigate some systems composed by partners having a closed shell structure (i.e. with zero electronic angular momentum), such as rare gas atom (Rg), alkali (M + ) and halogen (X − ) ions. It will be in particular demonstrated that, by suitably modeling and characterizing V vdW (R), it is possible to identify those systems where additional components emerge and to assess their nature and strength. Very interesting illustrative cases are those of the H 2 S-Rg and H 2 O-Rg systems: it will be shown that in the former case, essentially typical van der Waals forces are operative, whereas in the latter, an embryonic hydrogen bond becomes effective when heavier Rg atoms are involved. The analysis will then be extended also to molecular dications, HX 2+ , where X = F, Cl, Br and I (general open-shell systems), experimentally investigated by combining molecular beam techniques with synchrotron light and mass spectrometry studies [8] . Here, V ct (R) plays a selective role and the combination of experimental information about the thresholds together with the results of ab initio and semiempirical calculations, on the energetics, structure, stability, Franck-Condon factors, lifetime and fragmentation patterns, permit clarification of the origin, degree and role of the metastability of the accessible quantum states [9, 10] .
The representation of the intermolecular interactions
A key aspect of the analysis leading to the representation of the intermolecular potential, is based on the detailed and comparative study of systems where a given potential component is essentially absent, with analogous systems where that component is clearly contributing. We thus begin with the investigation of systems such as the Rg dimers, where the interaction is typically a pure V vdW (R) potential. Then we compare such systems with adducts involving alkali, (M + )-Rg, and halogen ions, (X − )-Rg, where
Subsequently, we consider ionic systems of the type M + -X − , for which
This analysis enables us to discriminate between systems bound by typical V vdW (R) potential from those where additional contributions operate (i.e. H 2 O-heavier Rg) [11] . In the open shell HX 2+ molecular di-cations the interatomic potential assumes the form
where V ct (R) is known to play only a perturbative role for HF 2+ , but becomes effective in determining the different stabilities of HCI 2+ and HBr 2+ [10] . Experimental and theoretical information on V (R), obtained on a large variety of systems where the role of V ct (R) is negligible, suggests the adoption of empirical [6] and semiempirical [12, 13] potential models, usually defined as the combination of different functions, each one dominant in a specific R range. Such functions usually depend on several parameters and extending their range of applicability to cases of large complexity is often problematic. For these reasons, most modern molecular dynamics simulations still use the venerable Lennard-Jones potential function that describes with sufficient accuracy the region of the potential well but typically overestimates both the long-range attraction and the short-range repulsion.
This paper focuses on assessing the reliability of a recently proposed model potential [14] , referred to as improved Lennard-Jones (ILJ). It is characterized by a small number of parameters that can be predicted by correlation formulae conveniently defined in terms of basic physical properties of the interacting partners [3] [4] [5] .
This model potential assumes the simple form
where
The parameter ε describes the potential well depth, R e defines the equilibrium distance and β, related to the hardness of the interacting chemical species, has a limited range of possible values and, for systems of the same family, it is approximately constant.
In equation (4), the first term represents V rep (R). The second one can describe different interaction components, depending on the value of the parameter m. For neutralneutral systems m = 6, which is the proper value to describe the dispersion attraction. For ion-neutral systems, where induction is the dominant attractive component, m = 4, whereas for ion-ion aggregates, where charge-charge electrostatic interaction plays the dominant role, m = 1 describes the Coulomb interaction.
As stated above, the parameters ε and R e can be estimated by the use of correlation formulae, given in terms of the polarizability and charge of the species involved [3] [4] [5] . Such estimates can then be fine-tuned by fitting the available experimental data, and can be very useful in modeling the behavior of systems which are difficult to investigate experimentally and/or theoretically.
Analysis of prototype systems
Many reliability tests of the ILJ potential have been recently performed and detailed results have been presented and discussed elsewhere [15] . In this section, we first analyze briefly some closed-shell-closed-shell systems for which accurate experimental and theoretical information on V (R) is available. Subsequently, the investigation will be extended to systems where an additional contribution of chemical nature (V ct ) becomes effective.
Rg-Ar
Accurate measurements of integral (Q) [16] and differential (I ) [17] cross sections for the Ne-Ar systems were carried out several years ago in our laboratory, under high velocity (v) and angle (θ) resolution conditions in the laboratory frame, in order to measure quantum interference effects in the scattering. The Q results, measured as a function of the Ne beam velocity, are reported in the upper panel of figure 1 , exhibit well-resolved diffraction oscillations. The analysis in terms of elastic collisions shows that the glory pattern probes the interaction potential V (R) in the proximity of the well, whereas the smooth component of Q(v) depends on the strength of the long-range attraction [16] and the diffraction structure is determined by the inner zero position of V (R) [17] . The analysis carried out with the ILJ model permits all the scattering data to be reproduced simultaneously (see figure 1) . The best-fit parameters are reported in table 1.
Accurate Q data have been measured [18, 19] , in a wide range of collision velocities, also for heavier Rg-Ar systems, observing a sequence of glory extrema. The results, in the centre-of-mass system, are exhibited in figure 2 as a function of the relative collision velocity (g). The ILJ model, whose best-fit parameters are reported and compared with predictions of correlation formulae in table 1, reproduces not only the amplitude and frequency of the glory pattern, but also the velocity dependence of the smooth component, which is affected by the long-range behavior of V (R) [16] . Note in table 1 that, in general, the parameters of the potential estimated by the correlation formulae deviate only by a few percent from the best-fit ones.
Ions
The present investigation has been extended to some systems involving closed-shell atomic ions. In particular, the K + -Kr, Cl − -Kr and K + -Br − systems have been chosen, analyzing in detail their interaction potential by combining experimental and theoretical information [20] [21] [22] . Figure 3 shows a comparison between the interaction potential energy provided by the ILJ model and results from the literature. The comparisons of the potential parameters obtained and the predictions from correlation formulae are provided in table 2. The literature potentials are obtained, for K + -Kr, from ab initio calculations tested on the ion mobility and diffusion coefficients [20] , for Cl − -Kr, from the analysis of the anion zero electron kinetic energy spectra [21] , and for the K + -Br − system by using a semiempirical method [22] . In spite of its simple formulation, the ILJ potential model describes the V (R) features over a wide R range. Also in these cases, the correlation formulae provide reasonable values of the potential parameters (see table 2 ).
H 2 O and H 2 S
The successful characterization and modeling of V vdW (R) is the basis for the investigation of additional interaction potential contributions, which can emerge when moving along a series of homologous systems. In particular, here we focus our attention on the complexes H 2 O-Rg and H 2 S-Rg, with Rg = Ne, Ar. Total (elastic + inelastic) integral cross sections have been measured as a function of the molecular beam velocity (v) and the glory pattern has been characterized in all the systems [11, 23] . In all cases rotationally hot molecular beams have been used in order to reduce possible anisotropy effects in the scattering. The analysis of the experiments was previously performed by using a Morse-spline-van der Waals model, whereas in the present investigation the data have been reanalyzed through the ILJ model. In figure 4 , we report the experimental data for the above four systems, compared with ILJ calculations. Again, we can compare here (see table 1 ) the potential parameters coming from the best fit of the experimental data with those predicted by the correlation formulae [3] corrected for spherically averaged induction contributions due to the molecular permanent dipole. If the interaction consists exclusively of the van der Waals component, slightly perturbated by induction effects, the results obtained for these systems make us confident that predictions and experimental data would be in agreement within a small global uncertainty (resulting from the experimental uncertainty and the one inherent in the correlation formulae). As shown in figure 4 , the agreement between the model prediction and the experimental cross section is indeed good for all systems with the evident exception of H 2 O-Ar. Here, the predicted glory pattern is instead substantially shifted with respect to the experimental one. This suggests that, in this case, an additional attractive component, which emerges essentially at intermediate intermolecular distances, stabilizes the interacting system, increasing its binding energy [11] . This experimental finding prompted us to carry out extensive ab initio calculations in order to ascertain the presence of this additional component in the interaction and to clarify its nature. Accurate ab initio calculations are being carried out on the electronic potential energy surfaces for the approach of the rare gas atom to the water molecule, with the main aim of studying in detail the nature of the intermolecular bond. Full details of these calculations will be given in a forthcoming paper. The preliminary analysis of the computed electron density suggests that an appreciable electronic overlap of the interacting species becomes operative at distances shorter than about 5 Å in the case of H 2 O-Ar, which promotes a small but appreciable charge transfer. The extent of this interaction depends on the direction of approach, besides of course varying with the distance. By contrast, the calculations on the H 2 O-He system indicate that the effects are significantly smaller with respect to those observed for H 2 O-Ar. The comparison supports the conclusion that a much more appreciable charge transfer affects the H 2 O-Ar system, while H 2 O-He binds with nearly pure V vdW .
H X 2+
For completeness, we briefly summarize here the recent application of the present methodology to the investigation of the doubly ionized hydrogen halides, HX 2+ (X = F, Cl, Br and I), for which high-resolution, double-photoionization experiments and accurate ab initio calculations have been carried out [10] . In this case, the target of our work has been to correlate the experimental findings with the regular change of behavior along the series related to the different role of V ct (R). In order to test our model, accurate potential energy curves, for the low-lying states of HCl 2+ and HBr 2+ di-cations between 30 and 44 eV, have been computed by using both our semiempirical model and accurate ab initio methods. Complete details of the calculations are given in [10] . The semiempirical model suggests that the different behavior of the HX 2+ di-cations can be mainly ascribed to the different role of V ct (R) [10, 24] . To further investigate this aspect, we have computed the atomic Mulliken charges associated with the various electronic states, correlating either with X+ or X 2+ , as a function of the internuclear distance. Figure 5 reports the partial positive charge on the halogen atom for the di-cations in the ground state 3 − and shows that, in general, the calculated electron transfer from X + to H + increases as the two ions approach. This suggests that the charge transfer is very weak for HF 2+ , whose interaction potential remains positive at all distances due to the Coulomb repulsion, but it is much larger in the case of HCl 2+ and HBr 2+ . Here, the partial charge on X, around the HX 2+ equilibrium distance (shaded region in figure 5) , assumes values significantly larger than +1, making the system more stable. In our model, the effect of such charge transfer is interpreted as arising from the coupling of the low-lying states, asymptotically correlating with X + + H + , with excited states of the same symmetry, leading asymptotically to X 2+ + H (see figure 5 inset). The semiempirical method explains the differences in the results for various molecules in terms of a variation in the energy gap between the coupled states, which is maximum for HF 2+ and decreases as X becomes heavier. The obtained results also allow us to rationalize the fact that the dissociative channel leading to H + + X + becomes less important for the heavier diatoms, since the barrier against the Coulombic explosion increases in height and width [10] .
Conclusions
The present study emphasizes the importance of combining experimental and theoretical information, obtained on some prototype systems, in order to understand and develop semiempirical models for the representation of intermolecular potentials, as well as for the assessment of the relative role of the leading interaction components. V vdW (R) is present in almost all investigated systems and often this component of the potential is inadequately described. It has been demonstrated that the proper representation of V vdW (R) can help isolate the effect of additional interaction contributions, such as the extremely important charge-transfer effects, even when they play a relatively small perturbative role. Particular attention has been given to studying the different behavior of the H 2 O-Rg systems with respect to the H 2 S-Rg homologues, and to the different degrees of stability encountered along the hydrogen halide di-cation series. The methodology proposed here can be important for predicting the behavior of systems of increasing complexity, for which suitable experimental probes and/or accurate ab initio calculations are difficult to carry out.
